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Abstract

Gastric cancer is a multifactorial disease characterized by complex interactions among tran-
scriptional regulation, inflammation, metabolic adaptation, and angiogenesis. However, sys-
temic molecular relationships linking these processes remain insufficiently understood. This
study aimed to evaluate circulating levels of FOXA2 (Forkhead Box A2), Ang-1 (Angiopoietin-
1), ApoE4 (Apolipoprotein E4), PEN-2 (Presenilin Enhancer-2), and NF-kB (Nuclear Factor
kappa B) in gastric cancer patients and to explore their potential integrated role in disease
biology. Serum samples were obtained from 40 patients with gastric cancer (20 preoperative
and 20 postoperative) and 20 healthy controls. Protein levels were measured using enzyme-
linked immunosorbent assay (ELISA), followed by statistical analysis. Serum levels of FOXAZ2,
ApoE4, PEN-2, and NF-«kB were significantly decreased in gastric cancer patients compared
with healthy controls, whereas Ang-1 levels were significantly increased. No statistically
significant differences were observed between preoperative and postoperative groups. These
findings indicate coordinated dysregulation of transcriptional, inflammatory, metabolic, and
angiogenic processes in gastric cancer. The identified FOXA2-NF-kB-PEN-2-ApoE4-Ang-1
axis may be considered an integrated circulating molecular profile reflecting tumor host
interactions and may provide a potential foundation for future non-invasive biomarker devel-
opment and translational research. This study proposes systems-level circulating molecular
network model rather than isolated biomarker alterations.
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1. Introduction

Gastric cancer is one of the leading causes of cancer-related mortality worldwide,
ranking second among men and third among women [1]. Its development is influenced by
genetic, epigenetic, environmental, and infectious factors, including Helicobacter pylori
infection, chronic gastritis, excessive consumption of salty and smoked foods, smoking,
alcohol use, and insufficient intake of fruits and vegetables [2].

The molecular biology of gastric cancer is highly complex and involves interactions
among transcription factors, inflammatory signaling pathways, lipid-associated proteins,
membrane protease complexes, and angiogenic regulators that collectively govern tumor
initiation, progression, metastasis, and therapeutic resistance [3]. Understanding these inter-
connected mechanisms is essential for identifying novel diagnostic biomarkers and targeted
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therapeutic strategies. Molecules such as Forkhead Box proteins (Fox) A2, angiopoietin
(Ang)-1, Apolipoprotein E4 (ApoE4), Presenilin Enhancer-2 (PEN-2), and Nuclear factor
kappa B (NF-«kB) have emerged as important regulators of gastric cancer cell behavior and
tumor microenvironment interactions [4].

Fox proteins constitute a large family of transcription factors characterized by a con-
served DNA-binding “forkhead” domain involved in regulating cell growth, differentiation,
metabolism, apoptosis, and immune responses [5]. The FoxA subfamily (FoxA1-3) plays
essential roles in gastrointestinal organ development by promoting chromatin accessibility
and transcriptional activation [6]. Increasing evidence indicates that Fox proteins contribute
to cancer progression by modulating proliferation, angiogenesis, metastasis, and drug resis-
tance. FOXA2, in particular, has been reported to regulate gene expression in gastric, lung,
and liver cancers and may function either as a tumor suppressor or promoter depending
on cellular context [7,8]. Therefore, elucidating the functions of Fox proteins is of great
importance for understanding cancer biology and identifying novel therapeutic targets.

NF-«B is a key transcription factor regulating inflammation, immune responses, pro-
liferation, and apoptosis [9]. Normally inactive in the cytoplasm, NF-«B becomes activated
in response to cytokines, oxidative stress, and bacterial components, translocating to the
nucleus to regulate target gene expression. Constitutive activation of NF-«B has been
observed in multiple malignancies, including gastric cancer, where H. Pylori-induced
signaling promotes chronic inflammation and carcinogenesis [10,11].

The Ang family regulates vascular maturation and stability through activation of the
Tie-2 receptor and downstream PI3K/ Akt signaling [12]. Ang-1 maintains vascular integrity
and suppresses inflammation under physiological conditions, whereas dysregulation of
the Ang-Tie2 axis contributes to abnormal angiogenesis and tumor progression [13].

PEN-2, a membrane protein localized in the endoplasmic reticulum and Golgi appara-
tus, is an essential component of the y-secretase complex responsible for intramembrane
proteolysis of transmembrane proteins [14]. Through activation of Notch and NF-«B sig-
naling pathways, PEN-2 influences cancer cell proliferation, apoptosis, and metastasis and
has been proposed as a potential biomarker and therapeutic target [9].

ApoE is a secreted glycoprotein involved in lipid transport, immune regulation, and
cellular proliferation. The ApoE4 isoform may contribute to gastric carcinogenesis by
promoting chronic inflammation and modulating Wnt/ 3-catenin and PI3K/ Akt signaling
pathways, particularly in the context of H. Pylori-associated inflammation [15,16].

Despite accumulating evidence regarding the individual roles of these molecules,
studies investigating the integrated interactions among FOXA2, angiogenic signaling,
inflammatory pathways, lipid metabolism, and y-secretase-related mechanisms remain
limited. A comprehensive evaluation of these interconnected pathways may provide deeper
insight into systemic regulatory networks underlying gastric cancer progression.

It should be noted that the analyzed biomarkers are not specific to gastric cancer alone
and have also been implicated in neurodegenerative, inflammatory, and cardiovascular
diseases. Therefore, the present study does not propose these molecules as standalone
disease-specific biomarkers, but rather as components of an integrated systemic molecular
network associated with gastric cancer biology.

Therefore, the aim of the present study was to investigate the circulating levels of
FOXA2, Ang-1, ApoE4, PEN-2, and NF-«B in patients with gastric cancer and to evaluate
their potential interactions within an integrated molecular framework reflecting tran-
scriptional regulation, inflammation, metabolism, and angiogenesis. By simultaneously
analyzing these biomarkers, this study seeks to provide a systems-level understanding of
tumor-host interactions and to explore their potential utility as non-invasive indicators for
disease monitoring and risk stratification.
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2. Results
ELISA Results of Protein Levels

Serum levels of FOXA2, Ang-1, ApoE4, PEN-2, and NF-«kB were quantified by ELISA
in samples obtained from healthy controls (n = 20) and from gastric cancer patients who
provided paired serum samples collected during the preoperative and postoperative peri-
ods (n = 20 each). Descriptive statistics and comparative analyses are presented in Table 1.
Analysis of ELISA data revealed a consistent pattern in gastric cancer patients. Specifically,
serum levels of FOXA2, ApoE4, NF-«kB, and PEN-2 were significantly lower in both preop-
erative and postoperative samples compared with the control group (p < 0.05) (Figure 1),
whereas Ang-1 levels were significantly higher in the patient samples (p < 0.05) (Figure 2).
Comparative analysis between the preoperative and postoperative samples demonstrated
similar protein expression profiles. No statistically significant differences were detected
between these paired measurements for any of the analyzed proteins, including FOXA2,
Ang-1, ApoE4, PEN-2, and NF-«kB (p > 0.05), indicating comparable serum levels before
and after surgical intervention within the studied time frame.

Table 1. Serum levels of PEN-2, Ang-1, FOXA2, ApoE4, and NF-kB in healthy controls and gastric cancer
patients during the preoperative and postoperative periods. Data are presented as mean =+ SD. Significant
differences were observed between controls and patient groups (p < 0.05), whereas no statistically significant
differences were detected between paired preoperative and postoperative samples (ns).

Group PEN-2 (ng/L) Ang-1 (pg/mL) FOXA2 (ng/mL) ApoE4 (ug/mL) NF-«B (ng/mL)
Control (n = 20) 330.3 +90.8 671.0 + 106.8 102 +£1.7 15.0 £ 4.0 7.19 £ 0.90
Preoperative (n = 20) 210.1 + 89.8 798.0 £ 105.7 426 +1.70 9.62 +2.90 2.82 £0.80
Postoperative (n = 20) 208.3 + 81.0 799.1 £189.0 5.46 + 1.60 10.66 £ 2.90 3.00 + 0.60
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Figure 1. Serum FOXA2, ApoE4, and NF-«B levels measured by ELISA in healthy controls and gastric
cancer patients during the preoperative and postoperative periods. FOXA2, ApoE4, and NF-«B levels
were significantly lower in both preoperative and postoperative samples compared with controls (p < 0.05),
whereas no statistically significant differences were observed between paired preoperative and postoperative
measurements (ns). Data are presented as mean &= SD. * indicates p < 0.05; ns indicates not significant.
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Figure 2. Serum PEN-2 and Ang-1 levels measured by ELISA in healthy controls and gastric cancer
patients during preoperative and postoperative periods. PEN-2 levels were significantly lower,
whereas Ang-1 levels were significantly higher in both preoperative and postoperative samples
compared with controls (p < 0.05). No statistically significant differences were observed between
paired preoperative and postoperative measurements (ns). Data are presented as mean + SD.
* indicates p < 0.05; ns indicates not significant.

The diagnostic potential of the integrated five-marker panel (FOXA2-NF-«kB-PEN-
2-ApoE4-Ang-1) was evaluated to determine its ability to distinguish gastric cancer pa-
tients from healthy controls. As illustrated in Figure 3, the combination of the sharp
declines in transcriptional and inflammatory markers (FOXA2, NF-«kB, PEN-2, and ApoE4)
and the simultaneous increase in the angiogenic factor Ang-1 provides a highly specific
non-invasive biomarker profile. The coordinated dysregulation of these markers reflects
the complex tumor-host interactions and systemic biological imbalance associated with
disease progression.
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Figure 3. Receiver operating characteristic (ROC) curve analysis of the integrated 5-marker panel
consisting of FOXA2, ApoE4, NF-kB, PEN-2, and Ang-1 for distinguishing gastric cancer patients
from healthy controls. The combined biomarker panel demonstrated high diagnostic performance
with an AUC of 0.94 (95% CI: 0.90-0.97). The optimal cutoff value was determined using Youden’s
index (0.82).
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ROC curve analysis demonstrated that the integrated five-marker panel exhibited
high diagnostic performance in distinguishing gastric cancer patients from healthy controls,
with an AUC value of 0.94.

3. Discussion

In this study, the biomarkers were evaluated not as independent parameters but
within the framework of an integrated molecular network representing systemic biolog-
ical interactions. The present study demonstrates that gastric cancer is characterized by
coordinated systemic alterations across transcriptional, inflammatory, metabolic, and an-
giogenic pathways, reflected by significant changes in circulating FOXA2, NF-«B, PEN-2,
ApoE4, and Ang-1 levels. Rather than representing isolated biomarker fluctuations, these
findings support the concept of an integrated molecular network shaped by dynamic
tumor-host interactions.

Gastric cancer progression is driven by complex interactions among transcriptional reg-
ulation, inflammation, metabolism, and vascular remodeling; however, systemic integration
of these pathways remains insufficiently understood [4,17]. FOXAZ2, a pioneer transcription
factor regulating chromatin accessibility and epithelial differentiation, emerged as a cen-
tral component of the observed molecular alterations [7,18]. Reduced circulating FOXA2
levels may reflect disruption of transcriptional programs required for gastric epithelial
homeostasis. Given its role in suppressing epithelial-mesenchymal transition (EMT), de-
creased FOXAZ2 expression may indicate loss of differentiation control and increased cellular
plasticity, thereby facilitating tumor progression. Furthermore, FOXA2 downregulation
may influence downstream metabolic and inflammatory signaling pathways, supporting
transcriptional dysregulation as an early systemic feature of gastric carcinogenesis.

NEF-«B is a key mediator of inflammation-driven carcinogenesis, particularly in He-
licobacter pylori-associated gastric cancer [9,19]. Although increased NF-«B activity has
been demonstrated in tumor tissues, reduced circulating NF-«B levels were identified in
this study. This discrepancy likely reflects compartment-specific regulation between tumor
microenvironments and systemic circulation. NF-«B signaling may remain locally activated
within tumor tissues while circulating levels decline due to molecular sequestration or
altered immune regulation. Reduced systemic NF-kB may also indicate immune exhaustion
or impaired inflammatory responsiveness, emphasizing the importance of distinguishing
tissue-specific signaling activity from circulating biomarker dynamics.

In contrast to other markers, Ang-1 levels were significantly elevated in gastric cancer
patients. Ang-1 promotes vascular stabilization through Tie2 receptor activation and
supports endothelial survival [20-22]. Increased Ang-1 may represent a compensatory
mechanism preserving vascular integrity under tumor-induced inflammatory stress or
may facilitate tumor adaptation by promoting vascular maturation and efficient nutrient
delivery without excessive vascular permeability. These findings suggest that angiogenic
regulation in gastric cancer involves vascular stabilization mechanisms in addition to
classical pro-angiogenic activation.

ApoE4 reduction further highlights metabolic reprogramming as a hallmark of gastric
cancer progression. Cancer cells frequently alter lipid metabolism to sustain rapid prolifera-
tion, and decreased circulating ApoE4 may reflect enhanced lipid utilization or altered hep-
atic synthesis [23,24]. Considering ApoE4’s involvement in PI3K/Akt and Wnt/ 3-catenin
signaling pathways, its reduction may contribute to dysregulated immune responses and
chronic inflammatory conditions that promote tumor development, reinforcing the close
relationship between metabolic and inflammatory processes in gastric carcinogenesis.

PEN-2, a critical component of the y-secretase complex regulating Notch signaling,
was also significantly reduced. Altered PEN-2 levels may indicate disrupted y-secretase
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activity and impaired Notch-NF-«B signaling crosstalk [25-30]. Rather than uniform
pathway suppression, decreased circulating PEN-2 may reflect intracellular retention or
redistribution of signaling molecules during tumor progression. The parallel decline in
PEN-2 and NF-kB supports coordinated regulation between these pathways.

Importantly, ROC curve analysis demonstrated that the integrated five-marker panel
exhibited superior discriminative performance compared with individual biomarkers. This
finding emphasizes that gastric cancer biology is better captured through multi-pathway
molecular profiling rather than single-marker assessment. The combined biomarker signa-
ture likely reflects a systems-level biological imbalance integrating transcriptional, inflam-
matory, metabolic, and angiogenic processes.

Although the analyzed biomarkers have previously been associated with several
pathological conditions, including neurodegenerative and cardiovascular diseases, the
present study evaluated these molecules within the context of an integrated gastric cancer-
associated molecular network rather than as isolated disease-specific markers. The com-
bined biomarker profile may therefore reflect systemic tumor-associated biological dysreg-
ulation rather than individual disease specificity.

The absence of significant differences between preoperative and postoperative
(30th day) measurements indicates that systemic molecular alterations persist even af-
ter surgical removal of the primary tumor. When considered collectively, these biomarkers
appear to form an integrated molecular network reflecting complex tumor-host interactions
and systemic biological dysregulation, highlighting their potential utility as a non-invasive
multi-biomarker profile for disease monitoring and risk stratification.

From a clinical perspective, the identification of a non-invasive serum-based multi-
marker panel may improve diagnostic stratification and disease monitoring strategies.
Such an approach could complement existing diagnostic methods and potentially reduce
dependence on invasive procedures if validated in larger cohorts.

Several limitations should be acknowledged, including the relatively small sample size,
lack of tissue-level validation, evaluation at a single postoperative time point, absence of
RNA /protein expression analyses in tumor tissues, and limited characterization of potential
comorbid conditions associated with these biomarkers. Furthermore, although the analyzed
biomarkers have been implicated in several neurodegenerative and cardiovascular diseases,
the present study focused specifically on their integrated systemic alterations in gastric
cancer rather than their disease-specific roles. Future studies involving larger and clinically
well-characterized cohorts, together with integrated serum and tumor tissue RNA /protein
analyses, are required to validate the specificity and translational applicability of these
findings. In addition, the present findings should be interpreted within the limitations of
the study and require confirmation in larger independent cohorts using complementary
experimental and computational approaches.

Overall, the present findings support a systems biology model in which gastric can-
cer progression is reflected by coordinated circulating molecular alterations rather than
single-pathway dysregulation, highlighting the value of integrated biomarker profiling for
understanding disease biology and improving translational applications. These findings
suggest that integrated serum biomarker profiling may support early risk stratification and
longitudinal monitoring in gastric cancer management.

4. Materials and Methods
4.1. Study Design

The study was conducted in accordance with the Declaration of Helsinki and approved
by the Ethics Committee of Manisa Celal Bayar University (Approval No: 20.478.486,/2266).
The study population consisted of 20 patients with gastric cancer who provided paired
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serum samples collected during the preoperative period and on the 30th postoperative day,
together with 20 age-matched healthy controls. The patient group included individuals
admitted to the General Surgery Clinic of Health Sciences University Dr. Abdurrahman Yur-
taslan Oncology Hospital and scheduled for surgery following a diagnosis of gastric cancer.

Patients aged >18 years with no additional pathological conditions or chronic diseases
including diabetes mellitus, hypertension, hormone replacement therapy, treatment with
thyroxine derivatives, or concomitant active infectious or chronic inflammatory diseases
were eligible for inclusion. Individuals with known neurodegenerative disorders, including
Alzheimer’s disease and Parkinson’s disease, as well as severe cardiovascular diseases such
as atherosclerosis, were excluded from the study. Written informed consent was obtained
from all participants who met the inclusion criteria. Patients diagnosed with adenocarci-
noma based on pathological evaluation of endoscopic biopsy specimens, who underwent
preoperative staging laparoscopy and were classified as Stage 3-4, were included in the
study group. None of the patients received perioperative chemotherapy or radiotherapy
prior to sample collection.

For each patient in the gastric cancer group, approximately 2 mL of peripheral blood
was collected as part of the study during routine blood sampling performed preoperatively
and again on the 30th postoperative day. The control group (n = 20) consisted of healthy
individuals within the same age range as the patient group and without any known medical
conditions. Written informed consent was obtained from all participants, including the
control subjects. Collected blood samples were centrifuged to separate serum and stored at
—80 °C until analysis.

4.2. Determination of Protein Levels by ELISA

Serum levels of FOXA2, Ang-1, PEN-2, ApoE4 and NF-«kB were measured using
enzyme-linked immunosorbent assay (ELISA). The following commercially available sand-
wich ELISA kits were used: FOXA2 (BT Lab, Cat. No. E7220Hu, Shanghai, China), Ang-1
(Elabscience, Cat. No. E-EL-H6119, Wuhan, China), PEN-2 (BT Lab, Cat. No. E0980Hu,
Shanghai, China), ApoE4 (Elabscience, Cat. No. E-EL-H0470, Wuhan, China), and NF-«xB
(Elabscience, Cat. No. E-EL-H1388, Wuhan, China). Microplates precoated with specific
antibodies for each marker were incubated with serum samples, followed by the addition
of detection antibodies. After color development using substrate solutions, absorbance was
measured spectrophotometrically at a wavelength of 450 nm + 2 nm.

4.3. Statistical Analysis

Statistical analyses were performed using SPSS software version 23.0 (SPSS Inc.,
Chicago, IL, USA). Data are presented as mean =+ standard deviation (SD). Group compar-
isons between healthy controls and gastric cancer patients were initially performed using
the Kruskal-Wallis test, followed by Mann-Whitney U test for pairwise comparisons when
appropriate. Comparisons between preoperative and postoperative samples obtained from
the same patients were performed using the Wilcoxon signed-rank test. A p-value of <0.05
was considered statistically significant. Non-parametric statistical analyses were preferred
due to the non-normal distribution of the data.

Receiver operating characteristic (ROC) curve analysis was performed to evaluate
the diagnostic performance of serum biomarkers in distinguishing gastric cancer patients
from healthy controls. ROC curves were generated by plotting sensitivity (true positive
rate) against 1 — specificity (false positive rate) across varying threshold values. The area
under the curve (AUC) was calculated as a measure of overall diagnostic accuracy. An
AUC value of 0.5 indicated no discriminative ability, whereas values approaching 1.0 repre-
sented optimal diagnostic performance. ROC analyses and graphical visualizations were
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performed using computational methods implemented in Python (version 3.10; Python
Software Foundation, Wilmington, DE, USA).

5. Conclusions

This study identifies a coordinated circulating biomarker network linking transcrip-
tional, inflammatory, metabolic, and angiogenic pathways in gastric cancer. Rather than
representing isolated disease-specific markers, the integrated biomarker profile reflects
systemic tumor-associated molecular alterations and provides a systems-level perspective
on gastric cancer biology. The findings highlight the potential clinical utility of non-invasive
serum-based multi-marker profiling for disease monitoring and risk stratification. Never-
theless, further studies involving larger and clinically well-characterized cohorts, together
with integrated tissue-level validation, are required to confirm the specificity and transla-
tional applicability of these findings.
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